In marked contrast, around 16,000 species within the 650-700 genera of legumes have been identified as forming nitrogen-fixing symbioses with rhizobia. If such diversity is taken as a measure of evolutionary success or fitness, the legume family within the Fabales has been considerably more successful than any other family of nodulating plants in the closely-related orders. Why is it that nitrogen-fixing nodules on legumes should appear to confer so much benefit compared with the non-legume nodulating plants? One clear difference is the different bacteria that infect them. Possibly Frankia spp. are less efficient at fixing nitrogen than rhizobia. However, the wide diversity of rhizobia that can nodulate plants suggests that successful nitrogen-fixing symbioses can be established by very diverse bacteria, even between different divisions of the bacteria. It is not apparent why Frankia spp. did not evolve a symbiosis that was as mutually beneficial (based on relative evolutionary diversity) as that seen with rhizobial-legume symbioses.
The difference in the structures of legume nodules compared with non-legume nodules may give an insight into why legume nodules are so successful. Nodules on nonlegumes are somewhat similar to short modified lateral roots with a central vasculature. In contrast, legume nodules have a peripheral vasculature. A clear advantage of a peripheral vasculature is that oxygen will be available for energy production by mitochondria associated with the vasculature, and so ATP generated by respiration would be readily available to drive the energy demands of the vasculature. This would not normally be a significant problem in roots, but in a nodule with a central vasculature, the haemoglobin in the cells surrounding the vasculature would tend to bind most of the available oxygen. I propose that a physiological limitation on nodules with a central vasculature could be the relative difficulty of respiration, and hence ATP synthesis in the cells of the vasculature. The identification of a gene (COCHLEATA in pea and NOOT in M. truncatula) that normally represses root identity in nodules may be the first step toward identifying how legumes differentiate a peripheral vasculature.
Other reasons for the relative efficiency of legume nodules could be related to the genome duplications that occurred in some of the legume families. These duplications could have enabled the acquisition of additional evolved functions in duplicated genes, to help develop the highly efficient nitrogen-fixing nodules in current legumes. Unrelated human males regularly interact in groups [1] , which can include higher and lower ranked individuals. In contrast, from early childhood through adulthood, females often reduce group size in order to interact with only one individual of equal rank [1] [2] [3] [4] [5] . In many species, when either sex maintains a group structure, unrelated individuals must cooperate with those differing in rank [6] . Given that human males interact more than females in groups, we hypothesized that dyadic cooperation between individuals of differing rank should occur more frequently between human males than females. We examined this hypothesis in academic psychology. Numbers of co-authored peerreviewed publications were used as an objective measure of cooperation, and professorial status as a measure of rank. We compiled all publications co-authored by full professors with same-sex departmental colleagues over four years in 50 North American universities, and calculated the likelihood of co-authorship in relation to the number of available professors in the same department (Supplemental information). Among those of equal status (full professors) there was no gender difference for likelihood of co-authorship: women and men were equally likely to co-author publications with another full professor of the same gender. In contrast, male full professors were more likely than female full professors to co-author publications with a same-gender assistant professor. This is consistent with a tendency for men to cooperate more than women with same-sex individuals of differing rank. We first tabulated the mean numbers of female full professors (M = 5.28), male full professors (M = 9.50), female assistant professors (M = 3.84) and Correspondence department. These were used to determine the expected values of the distribution of the 369 publications, rounded to nearest whole number (senior female co-authors: E = 65, senior male co-authors: E = 304). The actual distribution of co-authored publications between same-gender full professors did not differ significantly from the expected distribution, χ 2 (1) < 1. In other words, the number of publications between two senior females and between two senior males closely paralleled the mean number of possible dyadic combinations of female and male full professors.
Further reading
We next tabulated the number of co-authored publications between one senior female and one junior (assistant professor) female (N = 14) and one senior male and one junior (assistant professor) male (N = 76). As before, we calculated combinations of unique pairs of one senior and one junior of the same gender for each department and calculated the mean weighted by the number of publications. This gave weighted mean numbers of senior with junior female dyads (M = 21.70) and senior with junior male dyads (M = 46.22), which were used to determine the expected values of the distribution of the 90 publications, rounded to nearest whole number (female senior with female junior co-author: E = 29, male senior with male junior co-author: E = 61). There were significantly fewer publications co-authored by one senior female with one junior female than by one senior male with one junior male than would be expected, χ 2 (1) = 11.45, p < 0.001 (Figure 1) . In contrast, analysis of co-authored publications between senior and junior co-authors of the other gender (senior female and junior male: N = 19, E = 17; senior male and junior female: N = 28, E = 30) yielded no difference, χ 2 (1) < 1. These results show that high-ranked male professors co-published more than high-ranked female professors with same-gender low-ranked faculty. No gender differences were obtained when comparing publications with other senior professors or when comparing senior professors with other-gender junior professors.
Our results are consistent with observations suggesting that social structure takes differing forms for human males and females. Males' tendency to interact in same-gender groups makes them more prone to cooperation with asymmetrically ranked males. In contrast, females' tendency to restrict their same-gender interactions to equally ranked individuals make them more reluctant to cooperate with asymmetrically ranked females.
The present study does not demonstrate whether the reduced level of cooperation among women of different status is due to higher-ranked or lower-ranked women. However, our findings are consistent with results from early childhood onwards suggesting that females of lower status can be uncomfortable cooperating with their superiors [4, 5] . Female superiors may also be less willing than male superiors to invest in lower-ranked same-sex individuals. These sex differences would not be expected to exist in the same way in collaborations between professors and their students, who will typically take positions at other institutions and hence not compete as directly. This study refines research on sex differences in adult cooperation during economic games [8] by demonstrating that rank differentials constitute an important factor. [7] . We next tallied the total number of publications (N = 369) between two same-gender full professor coauthors within the same department for females (N = 58), and for males (N = 311). As our model applies only to dyadic cooperation, we did not include publications with more than two coauthors from the same department in any of our analyses. (There were 17 publications with more than two full professor co-authors and eight publications with two full professor and one assistant professor co-authors. Results remained unchanged when these were included.)
Supplemental Information
We then calculated the expected distribution of 369 same-gender co-authored publications if these directly reflected the number of unique combinations of same-gender pairs of senior (full professor) females and males. As the number of publications varied widely between departments (between 1 and 496), we first calculated mean numbers of female and of male pairs across departments, weighted by the total number of publications per department. This gave weighted mean numbers of senior female dyads (F = 11.93) and senior male dyads (M = 56.07). Numbers of unique pairs of senior female dyads, F*(F-1)/2, and senior male dyads, M*(M-1)/2, were calculated for each
